To initiate invasion of the mosquito midgut, Plasmodium ookinetes secrete chitinolytic activity to penetrate the peritrophic matrix surrounding the blood meal. While ookinetes of the avian malaria parasite Plasmodium gallinaceum appear to secrete products of two chitinase genes, to date only one chitinase gene, PfCHT1, has been identified in the nearly completed Plasmodium falciparum strain 3D7 genome database. To test the hypothesis that the single identified chitinase of P. falciparum is necessary for ookinete invasion, the PfCHT1 gene was disrupted 39 bp upstream of the stop codon. PfCHT1-disrupted parasites had normal gametocytogenesis, exflagellation, and ookinete formation but were markedly impaired in their ability to form oocysts in Anopheles freeborni midguts. Confocal microscopy demonstrated that the truncated PfCHT1 protein was present in mutant ookinetes but that the concentration of mutant PfCHT1 within the apical end of the ookinetes was substantially reduced. These data suggest that full-length PfCHT1 is essential for intracellular trafficking and secretion and that the PfCHT1 gene product is necessary for ookinetes to invade the mosquito midgut.
The Plasmodium ookinete is the developmental stage of the malaria parasite that invades the mosquito midgut. After gametocytes are taken up by a mosquito during ingestion of a blood meal, male and female gametes fuse to form the fertilized zygote. Over the subsequent 15 to 24 h, the round zygote elongates to form the invasive ookinete. The ookinete penetrates the acellular, chitin-containing peritrophic matrix (PM) surrounding the blood meal (18) and then invades the midgut epithelium (10, 25) . The ookinete secretes chitinolytic activity that it uses to penetrate the PM (11, 22) . The Streptomycesproduced chitinase inhibitor allosamidin prevents Plasmodium ookinetes from traversing the PM, thereby preventing invasion of the mosquito midgut (17) . The latter observation suggests that Plasmodium chitinases may be targets for blocking malaria transmission in human populations.
Two Plasmodium chitinase genes have been identified and molecularly cloned: PgCHT1 of the avian malaria parasite Plasmodium gallinaceum (22) and PfCHT1 of the lethal human malaria parasite Plasmodium falciparum (21) . Biochemical and antibody data suggest that P. gallinaceum ookinetes secrete the products of at least two chitinase genes (22) . Anion-exchange chromatography of P. gallinaceum ookinete extracts has demonstrated at least two distinct chitinase activities with different pH optima, sensitivity to allosamidin, and apparent molecular masses, as detected with antibodies that recognize the conserved active site of chitinases. The K m values of PfCHT1 and PgCHT2 are similar to each other and distinct from that of PgCHT1 (21) . A monoclonal antibody developed against recombinant P. falciparum chitinase recognizes the second P. gallinaceum chitinase (provisionally termed PgCHT2 [22] ) but not native or recombinant PgCHT1 (R. C. Langer and J. M. Vinetz, unpublished observations). In contrast, only one P. falciparum chitinase gene can be identified in the nearly completed P. falciparum genome database, and low-stringency Southern blot analysis is consistent with a single-copy gene (21) . Further, PgCHT1 and PfCHT1 have substantially different primary sequences and domain structures (21) . PgCHT1 has a proenzyme domain which can be proteolytically removed by ookinete-produced proteases under in vitro conditions in axenic medium (22) and a carboxy-terminal cysteine-rich putative chitin-binding domain. In contrast, PfCHT1 lacks proenzyme and putative chitin-binding domains and is likely secreted as an already active enzyme (21) . The pH optimum, allosamidin sensitivity, and molecular mass of PfCHT1 are similar to those of PgCHT2 (22) . Therefore, available evidence indicates a disparate number of chitinase genes between P. falciparum and P. gallinaceum and suggests that PfCHT1 and PgCHT1 are paralogs, not orthologs.
To test whether the single identified P. falciparum chitinase gene, PfCHT1, is necessary for P. falciparum ookinetes to invade the mosquito midgut, this gene was targeted for disruption. The ability of the resulting mutant parasites to invade the mosquito midgut was analyzed. The results presented here are consistent with the presence in P. falciparum of a single chitinase gene whose role is critical for human malaria transmission.
MATERIALS AND METHODS
Construction of a PfCHT1 gene disruption plasmid. Nucleotides 153 to 1095 of the coding sequence of PfCHT1 were PCR amplified using primers that added NotI and PstI restriction sites to the 5Ј and 3Ј ends of the PCR product (GCG GCGGCCGCAAAGGAATTATTCAAGGTTATTATC [NotI restriction site is underlined]; GCGCTGCAGCATTATGTGCAGCATTATCAGAAGATAAA GAC [PstI restriction site is underlined]). The partial PfCHT1 sequence was ligated into plasmid pHDWT (6) (Fig. 1A) , which contains the human dihydrofolate reductase gene as a selectable marker to generate construct pPfCHT1KO1.
Transfection. Asexual blood-stage parasites and transfectants of the P. falciparum gametocyte-producing strain 3D7 were cultivated in leukocyte-free human red blood cells in complete medium (RPMI 1640 with L-glutamine [Life Technologies, Gaithersburg, Md.], 50 mg of hypoxanthine/liter, 10 mg of gentamicin/liter, 25 mM HEPES, 0.225% NaHCO 3 , and 10% heat-inactivated human serum). Transfectants were produced by electroporation of parasites with 100 g of pHDWT-PfCHT1153-1095 plasmid DNA that had been purified with MaxiPrep columns (Qiagen, Chatsworth, Calif.) as described previously (6) . Briefly, 10 9 red cells with synchronized ring-stage parasitemia at 5% were transfected in incomplete Cytomix (5) using electroporator settings of 0.31 kV and 960 F (Gene Pulser II; Bio-Rad, Hercules, Calif.). Drug selection was initiated 48 h after electroporation with 5 nM WR99210 (5) and maintained at that concentration thereafter. The medium was changed daily for the first 8 days after electroporation to removed lysed cells and debris and was then changed every other day until ring-stage parasites were microscopically detected (on day 23). One transformant parasite line, 19.1, was chosen for further study, as it retained the ability to form gametocytes.
Molecular analysis of transformants. Southern blotting, PCR, and reverse transcriptase PCR were performed according to standard procedures. DNA was extracted from asexual blood-stage parasites of either wild-type 3D7 or the mutant 19.1 (24) . RNA was extracted from stage V gametocyte-containing cultures using Trizol (Life Technologies) and was twice treated with RNase-free DNase I (Roche Molecular Biochemicals, Indianapolis, Ind.). Diagnostic PCR primers were as follows: primer 1, GAATCAAGAAAAAACCCGAGAG; primer 2, CCTAATCATGTAAATCTTAAATTTTTC; primer 3, AATTAACC CTCACTAAAGGGAAC; and primer 4, GTAAAGATTCTACGAAATATTC AATTGC.
Membrane feeding assay. P. falciparum parasites were switched to RPMI medium containing 10% human AB serum in place of 0.5% Albumax (Life Technologies) prior to initiation of sexual stage studies. Gametocytes were fed to Anopheles freeborni mosquitoes in Parafilm-covered membrane feeders, and oocyst counts were determined according to standard methods (14) .
Confocal immunofluorescence microscopy of P. falciparum ookinetes. In vitrocultivated P. falciparum gametocytes were fed to A. freeborni mosquitoes through a membrane feeder. After 30 h, individual midguts were dissected, placed in 5 l of phosphate-buffered saline (PBS) on a glass slide, macerated, and smeared; the suspension was allowed to air dry. After fixation in 100% methanol at Ϫ20°C for 1 h, slides were equilibrated in PBS and blocked in 10% bovine serum albumin in PBS for 10 min at room temperature. Two primary antibodies were added to the slides for 30 min in a humidified chamber at 37°C (1/10 dilution of a supernatant of hybridoma 1C3, a mouse monoclonal antibody against PfCHT1, and a 1/2,000 dilution of a polyclonal rabbit antibody raised against a Pfs25-Pfs28 fusion protein [9] ). After three PBS washes, a 1/200 dilution of secondary antibodies (Alexa red-labeled anti-rabbit immunoglobulin G and Alexa green-labeled anti-mouse immunoglobulin G [Molecular Probes, Eugene, Oreg.]) was added for an additional 30 min. After washing with PBS, 15 l of Vectashield antifading reagent (Molecular Probes) was added, and the slides were mounted with coverslips and sealed. Images were collected with a Zeiss Axiophot 2 immunofluorescence microscope or a Leica TCS-NT/SP confocal microscope. For confocal microscopy, z stacks of images were collected in 0.203-m increments. Images were processed using Leica TCS-NT/SP software (version 1.6.551) and Imaris 3.0.2 software (Bitplane AG, Basel, Switzerland).
RESULTS
Disruption of the carboxy terminus of the P. falciparum ookinete-secreted chitinase, PfCHT1. Plasmid pPfCHT1KO1 was constructed to disrupt the P. falciparum chitinase gene PfCHT1 just after the catalytic domain (Fig. 1A ). This construct was based on the predictions that (i) a putative chitinbinding domain would be identified downstream of the catalytic active site and (ii) the primary structures of PfCHT1 and PgCHT1 would be similar. Subsequently, the complete PfCHT1 gene was shown to lack a carboxy-terminal putative chitinbinding domain (21) . Therefore, pPfCHT1KO1 would be predicted to disrupt PfCHT1 39 bp upstream of the stop codon, producing a gene product truncated by 13 amino acids from the carboxy terminus.
pPfCHT1KO1 was electroporated into P. falciparum (strain 3D7). Episomally transformed parasites were selected by inclusion in the culture medium of 5 nM WR99210 (which selects for the human dihydrofolate reductase marker present in pPfCHT1KO1) (5) . One transformed line, 19.1, was obtained that produced gametocytes in vitro. Subsequent propagation of this line led to the outgrowth of rapidly growing parasites in which the episomal plasmid had been integrated into the P. falciparum nuclear genome.
Southern analysis demonstrated a single-copy insertion of the 6.8-kb mutant construct into the 19.1 mutant line (Fig. 1B) . Using a partial PfCHT1 coding sequence to probe SpeI and BglII digests of wild-type 3D7 genomic DNA, we observed single bands of ϳ16 and ϳ19 kb, respectively. These bands were increased by ϳ6.8 kb in the 19.1 mutant line, indicating the integration of a single copy of the pPfCHT1KO1 plasmid. The mutant plasmid pPfCHT1KO1 does not contain SpeI and BglII restriction sites. No band corresponding to an episomal form of the plasmid could be detected by Southern blotting even after overexposure (data not shown).
PCR analysis confirmed plasmid integration by homologous recombination into the PfCHT1 gene locus (Fig. 1C) . PCR amplification (see Materials and Methods) with primers 1 (from the 5Ј end of the chromosomal copy of the PfCHT1 coding region not present in the disruption construct) and 2 (from the 3Ј flanking region of hrp2) generated a 1,085-bp product specific for the recombinant PfCHT1 locus. Similarly, primers 3 (from the pBluescript plasmid backbone sequence) and 4 (from the 3Ј end of the chromosomal copy of the PfCHT1 coding region not present in the disruption construct) generated the expected 1,034-bp product from 19.1 but not from wild-type 3D7 genomic DNA (Fig. 1C) . Because leaky mRNA expression of zygote-and ookinete-specific genes is known to occur in gametocytes (for example, the gene encoding the surface molecule Pfs25 [1] ), we used RNA extracted from stage V gametocyte-containing cultures to compare PfCHT1 expression in wild-type and 19.1 parasites. Reverse transcriptase PCR using primers 1 and 4 amplified the expected 1,030-bp product from wild-type 3D7 gametocytes; a faint band representing wild-type PfCHT1 cDNA was seen in 19.1 gametocytes (Fig. 1D) . Approximately equal quantities of template were present, as indicated by the band produced in the Pfs25 control (Fig. 1D) . Taken together, these data demonstrate that the PfCHT1 gene in 19.1 was disrupted at the 3Ј end and that transcription of the full-length native PfCHT1 gene was essentially eliminated in the 19.1 parasite line. Examination of the recombinant locus indicated that 19.1 expresses a mutant form of PfCHT1 truncated by 13 amino acids but with the addition of 3 amino acids encoded by the plasmid before the presence of a stop codon encoded by the plasmid.
Disruption of the PfCHT1 gene markedly impairs parasite invasion of the mosquito midgut. To assess the effect of the PfCHT1 gene disruption on the ability of 19.1 to form oocysts in the mosquito midgut, wild-type 3D7 and 19.1 gametocytes were fed on four separate occasions to A. freeborni using a membrane feeding assay (14) . Gametocytogenesis of wild-type 3D7 was indistinguishable from that of 19.1, and the numbers of exflagellation centers (approximately one or two every ϫ40 field) observed in vitro were similar in all experiments. At 24 h after feeding, similar numbers (geometric means of 2.9 to 2.4 ookinetes per midgut in 3D7 versus 2.2 to 1.8 in 19.1) of morphologically normal (Fig. 2) , Pfs25-or Pfs28-expressing ookinetes were observed in midguts of wild-type and 19.1 parasites, indicating no difference between the strains in their ability to develop normally to the ookinete stage. However, in all four experiments, the ability of 19.1 to form oocysts in the mosquito midgut was markedly reduced compared to that of its wild-type parent, 3D7 (Table 1) . Compared with wild-type 3D7, which had a high rate of mosquito infectivity (Table 1) , 19.1 was completely unable to form oocysts in experiments 1 to 3. In experiment 4, 19.1 produced a small number of breakthrough oocysts, yet still its infectivity was markedly reduced compared to that of wild-type 3D7.
Plasmid rescue and PCR were performed to address the possibility that 19.1 oocyst formation in experiment 4 was a result of low-level outgrowth of revertant parasites that had reconstituted the wild-type PfCHT1 gene. Even though overexposure of the Southern blot (Fig. 1B) failed to demonstrate a band corresponding to an episomally replicating plasmid, approximately 40 to 60 colonies of mutant plasmid pfCHT1KO1 were isolated per microgram of total DNA extracted from parasites after experiment 4 (compared to 10 4 CFU per g of genomic DNA reported for parasites episomally transformed with the human dihydrofolate resistance plasmid pHD22Y) (5) . PCR analysis also confirmed the presence of wild-type 3D7 genomic DNA at the PfCHT1 locus in this preparation of 19.1 DNA (made at the time of the fourth membrane feeding experiment). Spontaneous excision of a disruption plasmid from the site of chromosomal integration has been previously observed (19, 20) and appears to be the mechanism by which a small population of wild-type parasites was maintained in the 19.1 mutant parasite line.
To assess whether the addition of exogenous chitinase to an Carboxy-terminal disruption of PfCHT1 reduces the concentration of chitinase in the apical end of the ookinete. Confocal microscopy using monoclonal antibody 1C3 raised against recombinant PfCHT1 (12) demonstrated the presence of a PfCHT1 epitope in both wild-type 3D7 and 19.1 parasites (Fig. 2) . In more than 15 wild-type 3D7 ookinetes observed (we examined thousands of oil immersion fields of midguts taken from five mosquitoes in membrane feeding assay 3 [ Table 1 ], where oocysts were enumerated), PfCHT1 was consistently seen throughout the cytoplasm, was concentrated in the apical end, and was readily seen extracellularly in the midgut milieu, consistent with a previous report (12) . In contrast, in more than 15 ookinetes observed from mosquito infections with 19.1 parasites, there was a consistent absence of PfCHT1 concentrated both in the apical end of the parasite and extracellularly (Fig. 2) .
DISCUSSION
Our data demonstrate that a carboxy-terminal truncation of the chitinase PfCHT1 markedly impaired the ability of P. falciparum to invade the A. freeborni mosquito midgut. In view of earlier data suggesting that Plasmodium ookinetes secrete chitinase to penetrate the chitin-containing PM (11, 17, 21, 22) , it is likely that the PfCHT1 truncation prevented the malaria parasite from penetrating the PM.
The results of this study directly support the hypothesis that P. falciparum ookinetes require the single identified chitinase gene, PfCHT1, to form oocysts within the mosquito midgut. While these findings are consistent with our finding of only a single chitinase gene in the P. falciparum strain 3D7 genome database (90 to 95% raw data complete as of November 2000), these results do not by themselves rule out the possibility that there is another P. falciparum chitinase gene. It appears that the reference strain of P. falciparum, 3D7, is dependent upon its single chitinase gene for invasion of the mosquito midgut. It is conceivable, however, that 3D7 could have lost genomic DNA containing an additional chitinase gene. Such genomic loss in 3D7 has been observed for the asexual stage-specific genes orfP and orgGap, which were present in all tested field isolates but absent in 3D7 (15) .
The precise mechanism by which the PfCHT1 truncation prevented oocyst formation is not clear but appears to be related to the inability of the ookinete to concentrate truncated PfCHT1 in the apical complex and secrete the protein extracellularly. An apparently quantitative difference in the apical localization of PfCHT1 in 3D7 versus 19.1 ookinetes (Fig. 2 ) supports this conclusion. While monoclonal antibody 1C3 detected PfCHT1 in both wild-type 3D7 and 19.1 mutant parasites, within 19.1 ookinetes the 1C3 epitope was found throughout the cytoplasm but little was observed concentrated within the apical end of the ookinetes. Several considerations support the specificity of the PfCHT1 immunostaining in these experiments. First, a monoclonal antibody, 1C3, was used for staining. Second, we have obtained recent data localizing the 1C3 epitope to a minimal 20-amino-acid linear region within the central portion of PfCHT1 that is predicted to be present in the expressed truncated chitinase gene product in the 19.1 mutant line (Langer and Vinetz, unpublished observations). Third, computational analysis by the SMART algorithm (16) indicates that the 1C3 epitope is not within a low-complexity amino acid sequence, and BLAST analysis has failed to identify any homologies in the P. falciparum genome database (data not shown).
Our results do not distinguish whether the truncation of the carboxy-terminal 13 amino acids of PfCHT1 leads to an improperly folded protein or to the loss of a specific secretion targeting signal. We have attempted to express the 13-aminoacid truncated version of PfCHT1 under conditions identical to those that successfully yielded enzymatically active, full-length PfCHT1, but the mutant protein was not expressed in appreciable quantities (Y.-L. Tsai and J. M. Vinetz, unpublished observations). In 19.1 parasites, PfCHT1 was not concentrated in the apical end of the ookinete; in contrast, in wild-type 3D7 parasites, PfCHT1 is clearly concentrated in the apical end prior to secretion. Since chitinase secretion occurs through the apical end of the ookinete (12) and is mediated by a micronemal pathway, our data suggest that 19.1 ookinetes were unable to form oocysts in the mosquito midgut because of the inability to transport or secrete enzymatically active PfCHT1.
In the first three membrane feeding experiments, 19.1 was unable to form oocysts. These experiments with 19.1 were run in parallel with experiments with its wild-type parent, 3D7, and were controlled for numbers of gametocytes and exflagellation centers. Equivalent numbers of morphologically mature ookinetes expressing the proper surface antigens were found in feeds of both 3D7 and 19.1 parasites. The numbers of oocysts found in wild-type-fed mosquito midguts in these experiments were similar to those found in previous experiments using P. falciparum in membrane feeding assays (9) . In experiment 4, 19.1 produced a small number of oocysts in some of the mosquitoes, although in markedly lower numbers than 3D7. One potential explanation for this finding is that a wild-type parasite could have been produced in the 19.1 parasite line by a self-excision reversion event where the mutant plasmid was excised from the chromosomal insertion site as a recombination event. Another explanation is that PfCHT1 might not be absolutely necessary for oocyst formation in A. freeborni mosquitoes, although in light of previous evidence that allosamidin prevents P. falciparum ookinete invasion of the A. freeborni midgut (17), this possibility seems unlikely. A third explanation is that some minor proportion of functional, truncated PfCHT1 might be secreted to account for the breakthrough oocysts. The data presented here are most consistent with the hypothesis that the truncation of 13 amino acids from the carboxy terminus of PfCHT1 led to the inability of 19.1 to invade the mosquito midgut.
We found that the addition of exogenous chitinases-either S. griseus chitinase or enzymatically active, Escherichia coliproduced, recombinant PfCHT1-did not reverse the inability of PfCHT1 mutant parasites to form oocysts. This observation stands in contrast to previous findings where the addition of S. griseus chitinase to an infectious blood meal reversed the effect of allosamidin in preventing ookinete invasion (17) . In fact, the addition of either chitinase to infectious blood meals of wildtype 3D7 or mutant 19.1 reduced infectivity. Previous observations have noted the increased sensitivity of early sexual stage P. gallinaceum parasites to proteases in the mosquito midgut (8) . The absence of the PM could lead to an abnormally early exposure of sexual stage parasites within the blood meal to mosquito midgut proteases, which would result in lower oocyst counts. In addition, others have observed that in the absence of the PM, a decrease in the number of oocysts can be observed, at least for P. gallinaceum (17) . An alternative possibility is that the truncated PfCHT1 acts as a dominantnegative mutation and interrupts another important biological function in ookinetes, such as protein secretion. The addition of an exogenous chitinase would not reverse such a dominantnegative mutation. However, the reduction in oocyst numbers in wild-type parasites because of the absence of the PM would not by explained by this mechanism. Genetic complementation experiments to reconstitute the disrupted PfCHT1 locus or to episomally complement the disrupted PfCHT1 gene are under way to address the possibility that the truncated PfCHT1 acts as a dominant-negative mutant. Two Plasmodium ookinete-secreted chitinase genes have been identified to date, those for PfCHT1 and a chitinase of P. gallinaceum, PgCHT1. Substantial biochemical and immunological data strongly suggest that P. gallinaceum ookinetes secrete products of at least two different chitinase genes (22) . The PfCHT1 gene is found on chromosome 12, whose sequence is complete. If a second chitinase gene were to be found in the P. falciparum genome, it would likely be present in a syntenic relationship, since it would be assumed that the two genes arose by gene duplication. This feature is true of at least two sexual stage families, Pfs25 and Pfs28, whose genes are located on chromosome 10 (with a similar arrangement of the two genes found in P. gallinaceum [3] ); Pfs230 and Pfs230 II, whose genes are located on chromosome 2 (7); and several other Plasmodium gene families as well (for example, the genes for plasmepsins PfPM1 and PfPMII on chromosome 14 [2] ). Therefore, our current phylogenetic comparison of P. gallinaceum and P. falciparum chitinases shows a discrepancy in gene number and the ortholog-paralog relationship. This finding is even more curious given that three independent molecular analyses indicated that P. falciparum is most closely related to avian malaria parasites (4, 13, 23) . It is tempting to speculate that as P. falciparum changed hosts from bird to primate in evolutionary history and perhaps even underwent a change in arthropod vector from culicine to anopheline mosquito, a genetic loss occurred such that one chitinase gene was lost from the P. falciparum genome. Alternatively, it is possible that the P. falciparum reference strain 3D7, with which these PfCHT1 gene disruption studies were performed (and for which the genome database is available), has lost DNA, including a potential second chitinase gene, during in vitro cultivation. Nonetheless, the results presented here suggest that transmission-blocking strategies (both immunological and pharmacological) aimed at the single identified P. falciparum chitinase gene may be appropriate.
